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We investigate limits on the thermal-response time of superconducting transition-edge
microcalorimeters. For operation at 0.1 K, we show that the lower limit on the response time of a
superconducting transition-edge microcalorimeter is of ordgs due to the heat diffusion time,
electrical instabilities, the amplifier noise, and the critical current of the superconducting film. The
response time is not limited by self-heating effects and is independent of the intended photon
energy. However, design constraints associated with the inductance of the bias circuit make it
difficult to achieve the fastest response times for devices with heat capacities high enough for x-ray
and gamma-ray detectiof50021-897@8)07308-3

I. INTRODUCTION are advantageous because they thermalize and uniformly dif-

. . . fuse energy more quickly and completely than semiconduc-
Superconducting transition-edge sen$®iES) Micro- e semimetals. and superconducttfs.

calorimeters are promising spectroscopic detectors for pho-  TEg microcalorimeters have achieved an energy resolu-
tons from the infrared to gamma rays. Excellent energy resc;qon of 7.2+ 0.4 eV full width at half maximun{FWHM) for
lution has been achieved with these devices. Howeverg | o\ x rays with a response time of approximately 260
applications such as x-ray microanalysis, optical astronomyrgg microcalorimeters designed to operate at optical photon
and astronomical observations of bright x-ray sources réquirgnergies have achieved an energy resolution of 0.2 eV
faster response times and count rates than have begWyuM for 4 eV heat pulses, with a response time Qi€°
achieved to date without sacrificing energy resolution. Whiley,e show in this article that the best achievable response

the theoretically achievable energy resolution has been we| e for operation at 0.1 K is of order s and is in principle

studied,” the theoretically achievable response time has rel'ndependent of photon energy, although the design con-

ceived less attention. In this article we discuss the lowegy aints are more challenging at higher energies.
limits on the response time imposed by the physics of the e begin by discussing the bias circuit for TES micro-

TES and by the bias circuit. calorimeters and the effect of negative electrothermal feed-
A microcalorimeter consists of a thermometer, an aby ek e then consider the factors which constrain the re-

sorber with a heat capacify, and a thermal conductan@®  gnonse  time of TES microcalorimeters,  including

to a heat bath. When a photon interacts with the absorber, thgermajization and diffusion times, the requirement of elec-

deposited energy is thermalized and measured as a tempefaz,) stability, amplifier noise, the critical current of the su-
ture rise. After the event, the temperature of the thermometeﬁerconductor and self-heating effects.

returns to the equilibrium temperature with a response time
7. Microcalorimeters are typically operated at low tempera-
tures (T~0.1 K) where materials have small heat capacities
(leading to a large temperature nis¢hermal noise sources Il. TES BIAS AND ELECTROTHERMAL FEEDBACK
are small, and sensitive thermometers are available. Most |, order to discuss constraints on the response time of
microcalorimeters have been fabricated using semitgg microcalorimeters, we must first discuss the TES bias
conductor-thermistor thermometers read out with field-effect,.c.,it. The bias source used with a TES microcalorimeter
tra_nsistorsl. The relatively low se_nsitivity of a t_h_ermistor - can be anything from a perfect current bias to a perfect volt-
quires the use of an absorber with a low specific heat such ag e pias. Throughout this article we assume a perfect voltage
semiconductors, semimetals and superconductors.  ¢qrce. As will be shown, a voltage source leads to a faster

_ TES thermometers are superconducting thin films biasefigtector response than high impedance sources and yields a
within the transition from the superconducting to the normalyinimum response time close to the heat diffusion time. We
state. In this region the resistance of the film is extremely.,nsider a circuit in which a voltage bias is applied to a
sensitive to the temperature. TES thermometers are leading,rjeg arrangement of the TES and the input coil of a super-
candidates for use in fast microcalorimeters since their SeMsonducting quantum interference devi@QUID) amplifier
sitivity allows the use of normal-metal absorbers evenynich is used to measure the current through the sensor.
though normal metals have a high specific heat and consgynen 4 photon is absorbed by the microcalorimeter, the tem-
quently small temperature changes. Normal-metal absorbefsyatre of the TES increases, its resistance increases, the
current flowing through it decreases, and this decrease is
dElectronic mail: irwin@boulder.nist.gov sensed by the SQUID. Recent developments such as series-
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array dc SQUIDs allow operation at 10-100 MHz assumed in this article that thermalization times are fast com-
bandwidth! making fast response times possible. pared to other time scales in the detedmuch as heat dif-
The bias circuit directly influences the response time offusion time in the thermometer ar@/ G timeg and can be
TES microcalorimeters through electrothermal feedbackneglected.
Negative electrothermal feedback results when the TES is The diffusion times of the TES microcalorimeter can
voltage biased and the heat bath is cooled to well below thémit the response time. The diffusion time in both the ab-
transition temperature. Electrothermal feedback causes trsprber and the microcalorimeter are important. We consider
film to self-regulate its temperature within the region of rapidthe diffusion time in the absorber first. If the diffusion time
resistance change associated with the transttforself-  in the absorber is too slow, variations in the interaction po-
regulation results because as the film cools, its resistancsition of the photon in the absorber will cause variations in
drops, and the Joule heating?/R, increases. Joule heating the shape of the leading edge of the pulse. Fortunately, the
thus provides negative feedback which tends to raise thdiffusion time in the absorber can be made extremely fast.
temperature, and a stable equilibrium is established wheDiffusion times are dependent on both the material and the
Joule heating matches the heat loss into the bath. Selgeometry; in the general case they must be computed nu-
regulation can occur with a characteristic time constant mucknerically. For a simple geometry, an estimate of the diffu-
shorter than the naturdl/G time constant. For a voltage- sjon time can be made from the diffusivit,=v;l, where

biased sensor, the effective response fie is v; is the Fermi velocity andl is the electron mean-free path
C/G of the metal. The characteristic diffusion time associated
T = T4 apin’ (1) with a length scald is r4=L%/D. For example, an ab-

sorber for an x-ray microcalorimeter might consist of a gold
Here ¢=1—(T,/To)" is a measure of how far the detector fim with dimensions 25mx250 umx5 um, for which a
is biased above the bath temperatuFg,is the temperature mean-free path of about 2m would be expected in a high
of the heat bathT, is the equilibrium temperature of the quality film. With these absorber parameters, the calculated
sensor, the logarithmic sensitivity=d log R/dlog T at con-  diffusion time in the absorber is about 22 ns. A detector
stantV is a unitless measure of the sharpness of the supethermal response time of orders should thus be achiev-
conducting transition, and the thermal-conductance exponefle without significant variations in pulse shape. It should
n is a number(typically about 4 that depends on the domi- pe noted that even if a detector has significant pulse shape
nant thermal impedance between the heat bath and the elegariation due to incident photon position, it may be possible
trons in the superconducting film. Sineecan be of order o deconvolute the position of the interaction from the energy
1000 for transition-edge thermometers, the effective resp as not to sacrifice energy resolution. This procedure can
sponse time can be two orders of magnitude shorter than th& as Simp|e as Correcting the pu|se energy with a rise time
C/G time constant. Throughout this paper, operation in theneasurement, or it may require a more complicated multi-
strong-feedback limit will be assumed, where>n/ ¢. variate fit.

The heat diffusion time in a TES thermometer can also
limit the detector response time. Unfortunately, it is gener-
ally not possible to make the diffusion times in the thermom-

In this section, we discuss the limitations placed on theeter as fast as diffusion times in the absorber due to engi-
response time of a TES microcalorimeter by the rate of therneering constraints on the resistance of the TES. Although
malization of heat in the absorber and diffusion of heatslow diffusion times in the thermometer do not lead to pulse
within the absorber and TES. The thermalization time is theshape variations, they can nonetheless lead to significant
time required for energy deposited in the absorber to relax tdegradation in energy resolution. Because information is lost
a Fermi—Dirac distribution in the electron system. The dif-at frequencies where thermalization and diffusion take place,
fusion time is the time required for heat in the electron systhese processes must occur at frequencies higher than the
tem to diffuse spatially. As will be discussed, there are dif-bandwidthAB of the filter function used in pulse processing.
ferent constraints on the diffusion times in the absorber and’he bandwidth necessary to approach the optimal energy
the TES thermometer. resolution depends upon the frequency spectrum of the sig-

We first consider the effect of the thermalization time onnal and noise, which are determined by the response time of
the TES microcalorimeter response time. When a highthe microcalorimeter and the effect of electrothermal feed-
energy photon interacts in a normal-metal absorber, it ejectsack. We first consider the required bandwidth of the filter
a high-energy inner-core electron which then forms a locafunction and then discuss the limitations placed on the re-
hot spot by electron—electron and electron—phonon interacsponse time of the microcalorimeter by the diffusion time in
tions. At low temperatures, inelastic electron—electron interthe thermometer.
actions are thought to dominate the thermalization process. In order to discuss the required bandwidth of the filter, it
Unfortunately, inelastic rates in polycrystalline metal films atis necessary to consider the sources of noise in the sensor.
low temperature T~0.1 K) and low sheet resistancd ( The fundamental noise sources in a TES microcalorimeter
<1Q) are not fully understood. Experimental values for are the phonon noisghermodynamic power fluctuationef
electron—electron interaction timéand thus thermalization the thermal conductand® connecting the microcalorimeter
times under these conditions tend to be nanoseconds, sige the heat bath and the Johnson current noise of the TES.
nificantly faster than theoretical computatidfis®? It will be Although both of these noise sources are strongly frequency

Ill. THERMALIZATION AND DIFFUSION
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dependent, in the strong-feedback limit their quadrature surwherel is the current flowing through the sensaft,is the
depends only weakly on frequency. In particular, the poweelectrical potential across the sensHr,is a material and
spectral density of the quadrature sum of Johnson and ph@eometry dependent parameté&rjs the temperature of the
non noise of the TES in the strong-feedback limft is sensor, and,, is the temperature of the heat bath. The first
2 2 term on the right-hand side of E¢3) represents the Joule
4kTy N/2+ w71gy o e
= —, 2) power dissipation in the sensor and the second term de-
Ro 1+ 0°7g scribes the flow of heat to the heat bath. In the limit that

whereR, is the resistance of the sensor at equilibrium and S close toT, the last term reduces to the familiar form
is the angular frequency. Since typicaly-4, we may as- —GAT, where the differential thermal conductancg

— — -1 — :
sume to a rough approximation that the noise in the sensor i§ 4P/dT=nKT""%, and AT=T—T,. In formulating Eq.
white. (3), we assume that all the equilibration times within the

In the presence of white noise, the Wiener optimal filter2PSorber and thermometer are fast compared to the global
has the same bandwidth as the signahd the required filter thermal response tlme_and t.hat self-hgatlng leads to negli-
bandwidth isAB~1/(2m 7). Diffusion in the TES must gible temperature gra@ents in t.he device, so the ab_sorber-
occur at frequencies higher than the required filter bandwidtihermometer system is at a uniform temperaturelf this
to avoid degradation in energy resolution, so the characterigondition were not true, the fuII.t.hermaI C|rcu!t'model would
tic diffusion time in the thermometer must be somewhat"@ve to be used, and the conditions for stability would be of
shorter thanr.;. However, this result is only valid in the higher order than quadratic. o
strong-feedback limit. When little electrothermal feedback is ~ In order to derive an effective electrical impedance, we
used, the quadrature sum of the noise sources have a strofgPand Eq(3) to first order around an equilibrium tempera-
frequency dependence. In this case, the required filter banddr® and consider one Fourier component
width can be hundreds of times larger than the bandwidth of  ,CT(w)=1,V(w)+ Vol (0)—GT(w), (4)
the signal, and the diffusion time in the TES must be hun-
dreds of times shorter thang.> Strong negative electrother- Wherel, andV, are the equilibrium current and voltage. As
mal feedback must be used for the response time to approadill be discussed later, the resistance of the TR V/I,
the diffusion time in the TE&. can be a hysteretic function of temperature, applied current,

While diffusion times in the TES cannot in general be and applied magnetic field. For the purposes of this simple
made as fast as diffusion times in the absorber, it is possibléalculation, we assume a low-current and low-field limit, and
to design thermometers with diffusion times faster thams1 ~ treat the resistance as a nonhysteretic function of tempera-
by making the area small enough and the film mean-free patfire, R=R(T). In this case,
long enough. For example, choosing reasonable detector pa- aVoT(w)
rameters,v;=10° m/s, =100 nm, and a diffusion length V(w)=1gR(w)+ Ryl (w)= —T + Ryl (w). (5)
L=100um, we arrive at a characteristic diffusion time in 0
the sensor ofry~0.1us. The detector response time can Combining Eqs(4) and (5) and settingw=0, we arrive at
thus be of order Ius without sacrificing energy resolution. the zero frequency impedance
Note that such a sensor would have a normal resistance of

about 30 nf) per square, so a low circuit inductance would Zo,=2(0)= @: -R, ¢+_n/a (6)
be required for fast operation, as will be discussed in follow- 1(0) $—nla
Ing sections. where, as previouslyg=1—(T,/To)". The frequency de-
pendent electrical impedance of the TES is
IV. ELECTRICAL STABILITY 1+iwn(Zo+Ry)/2Z,
. . . Z(w)= - : ™
Another constraint on the response time of a TES micro-  1+iwT(Zo+Ro)/2R,

calorimeter is imposed by the electrical bias circuit. If the The total impedance seen by the voltage source is the
inductance in the bias circuit is too large, a phase shift in the , .. ¢ the internal impedance of the voltage source, the
electrically-induced thermal response of the sensor can legge tive electrical impedance of the TES, the inductance of
to oscillations: In this section we describe the electrical bias input coil of the SQUID, and any stray impedance. In

circuit, calculate the effective electrical impedance of thepractice, the internal impedance of the voltage source can be
TES, use this impedance to determine the condition for elecy, 5 4e very small, so that only stray inductances and the in-

trical stability, and discuss the constraint this condition im'ductance of the input coil are important. The total impedance
poses on the response time of TES microcalorimeters for 8cen by the voltage source is then

given circuit inductance.
The thermal response of the TES can by modeled by an l+iwr(Zo+Ry)/2Zy

effective electrical impedanc& w) which is independent of Ziol @) =Zo 1+iwr(Zy+Rp)/2R, Hol, ®

the bias circuit® The differential equation governing the

temperature of the transition-edge sensor is

WhereL = LSQU|D+ Lstray-
We now consider the condition for electrical stability. If
the zeros oZ,,(w) are complex, the device response is 0s-

dT
R _ n_Tn
c V=K(T=To), @ cillatory. If the zeros are in the right half of the complex

dt
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plane, the oscillations grow, whereas in the left they argparametrized by a coupled energy sensitivity of some mul-
damped. When the zeros come together on the real axis, thiple ¢ of Planck’s constant soypS; (squiny2= éh, so that
oscillations are critically damped. In practice, even damped

oscillations present difficulties in device operation and pulse SI(SQUID):ﬂ_

processing, and TES microcalorimeters are usually operated Lsquip

in a critically damped regime. We present here the crltlcaIIyFor typical SQUIDs =10 to 1000.

dam_ll?ﬁd S°|Ut'0?'E 8 h h | axis wh For the purposes of this calculation, we assume that the
e zeros of Eq(8) come together on the real axis when SQUID noise is low enough compared to the TES noise

(13

T CIG 4Zy—2Ro—4\Zo(Zo—Ry) whenS;squip) is less than half 0§, rgs), leading to a maxi-
= = ) ) mum degradation in energy resolution of about 20%. If a
Telec L/R Ro+ ZO

_ . . smaller degradation is required, the calculation can be ad-
where 7o =L/R is the electrical response time of the sen-justed accordingly. Using Eq$12) (in the zero frequency

sor. Substituting Eq(6) into Eg. (9), we arrive at limit) and(13) and settingS squiny< Si(tesy2 yields a mini-
r o \/ﬁ mum SQUID-input-coil inductance of
=3¢ —+1+ —+ —.
— 3 —+1+2V2\/| b —+1]¢ — (10 26hR,
. L ) _ Lsquip™ 1T (14
This condition imposes a constraint on the response time Nkslo

of TES microcalorimeters. In the strong-feedback limit, we ¢ i SQUID is placed close to the TEBerhaps even on the
takea>n and ¢~1 so that Eq(10) reduces to same chip, the inductance of the input coil can be large
mla 7o compared to any stray inductance, and the electrical response
= =3+2v2~5.8 (1) time of a properly matched circuit isLsoup/Ro
>2¢h/nkgT,.
so that in the Strong-feedback limit, the critical damplng of Combining the amp"ﬁer noise constraint of Eq4) and
oscillations requires that the effective response time be ahe condition for electrical stability, we estimate the achiev-
least 5.8 times longer than the time constiafiR. Thus, the  aple response time for a critically-damped TES microcalo-
response time is dependent on the inductance and resistanggeter operated near the optimal energy resolution. In the
of the electrical circuit. strong-feedback limit, electrical stability requires a response
time greater than 5.8 times the electrical time consf&nt
(11)], so the amplifier noise restricts the response time of the

Telect  Telec

V. AMPLIFIER NOISE SQUID to
In this section we discuss the constraint that the ampli- 11.6¢h
fier noise places on the/R time constant. In order to ap- Teﬁ>m- (15

proach the optimal energy resolution, it is important that the
current noise of the SQUID referred to its input be less tharFor example, assuming= 500, operation af=0.1 K, and
the current noise of the TES; if the SQUID noise is notn=4, the critical-damping and noise-matching conditions
smaller, the energy resolution of the detector will be de-ead to an electrical time constant;>0.7 us. A faster re-
graded. We consider the current noise of the TES andponse time may be achieved by reducing the input induc-
SQUID, develop a constraint on theR time constant, and tance(or increasing the TES resistane the price of a loss
finally estimate the achievable electrical response time for @ energy resolution. Alternatively, the use of SQUIDs with
stable TES microcalorimeter with near-optimal energy resobetter energy sensitivity allows faster response times without
lution. sacrificing energy resolution. The noise matching and critical
According to the theory,the total TES noise is due to damping conditions are more stringent at lower tempera-
the phonon current noise in the sensor added in quadratutares. Thus, the required response time may place a limit on
with the electrical Johnson current noise of the sensor. In thBow cold a microcalorimeter can be operated, and hence on
strong-feedback limit, the theoretical current noise of thethe energy resolution. Note that the limit that amplifier-noise
sensor is dominated by the phonon noise at frequencies bend critical-damping conditions place on the response time is
low the thermal response frequency. The current noise poweandependent of both the resistance of the thermometer and
spectral densityPSD below the thermal knee frequency is the heat capacity of the detector.
approximately white, with valife

4kgT n
SiTEs~ R " (12) i, CRITICAL CURRENT
where kg is Boltzmann’s constant and is the thermal- The critical current of the superconducting film also im-
conductance exponent. poses a constraint on the response time of a TES

The input inductancé gqyp of the SQUID current am- microcalorimetef. In this section, we discuss the compli-
plifier can by adjusted by changing the number of turns ofcated nature of the superconducting transition and introduce
the input coil. The current noise referred to the SQUID inputa two-fluid TES transition model to simplify calculations.
is a function of the input coil inductance and is typically We then develop an equation for the Ginzburg—Lan@alu)
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critical current of a BCS superconductor in terms of appro-andau critical current of the filnh,(T) and a quasiparticle
priate parameters and use it to derive the critical-current consomponent equal to the voltagedivided by some fraction

straint on the response time. cr of the normal resistandg,, :
Usually, the theory of TES microcalorimeters assumes
that the electrical resistance in the superconducting-normal 1 (T)=¢ilc(T)+V/(cgRy). (16)

transition regionR=V/I =R(T), is a simple function of the O}'he two-fluid transition model neglects the weak tempera-

temperature. Mor(_a generally, the re3|§tance IS a_fur_1ct|on ture dependence of o+ , but otherwise reduces to the SBT
temperature, applied current, and applied magnetic field. The

g ) e model whenc,= 8 andcg=2Np, Ao« /R,. Results derived
transition can be hysteretic. At low applied field and curren.t,With this formula should be roughly accurate and should

the form of the transition can be influenced by film nonuni- . .
. L o have the proper scaling with respect to parameters such as
formities, magnetic fields, and nonequilibrium effects near, : .
the heat capacity and normal resistance.

superconducting-normal interfaces. Even if the supercon- In order to apply the two-fluid transition model, we must

ductor is perfectly uniform and negligible current is carried, - .
o . ' .’know the critical current of the sensor as a function of tem-
the transition will have a nonzero width due to phase-slip

. : : perature. We assume that the sensor is a simple BCS super-
events induced by thermal fluctuatiotsAt nonzero applled ._conductor that behaves in accordance with Ginzburg—
currents, a voltage can be generated across a uniform, isp-

h | ducting film b of the criti Pandau (GL) theory near the transition temperature.
ermal superconducting film by a current flow near the cri I'Combining the standard GL results for critical current den-
cal current. In this section, we consider the last mechanis

n.E.ity J. with BCS results neaf . for critical field and effec-

and the limitation it imposes on the response time. While ittive penetration deptff, we arrive at the following expres-
may be desirable to fabricate a detector which is limited bySion for critical-current,density'

other factors, such as geometric variations in transition tem-

perature, the critical current still places a lower limit on the H,(0) |
detector response time. J(T)~1.54—= 5 —(1-1)%2 (17)
The form of a transition induced by a current flow near A (0) %o

the critical current depends on whether the film is Type lpjgrey (0) is the BCS thermodynamic critical field at abso-
(where the Ginzburg—Landau parametet 1/v2) or Type Il

9 e _lute zero,\ (0) is the London penetration depth at zero
(«>1M2). In a Type Il superconducting film, the voltage 'S temperature] is the mean-free path in the filng, is the

caused by the motion of quantized vortices. Unfortunately, iscs coherence length, ame:T/T, is the reduced tempera-
most Type Il superconducting filmglepending on correla- ’ ¢

tions in the vortex lattice vortex motion can introduce cur- :I'he BCS critical field i¥
rent noise larger than the Johnson noise in the it Fur-
ther, since the Ginzburg—Landau parameter is inversely 4 (0)=A(0)\uoN(0), (18)

proportional to the mean-free path in dirty superconductors,

thermometers with long mean-free paths and thus fast diffuwhereA(0) is the energy gap parameter at zero temperature,
sion times will tend to be Type I. For the purposes of thisu, is the permeability of free space, aNg0) is the density
discussion, the use of a Type | film is assumed. of states.

In a Type | superconducting film, the voltage is pro- The London penetration depth is A\ (0)
duced by phase-slip events in one or more phase-slip lines \/m*/(uon¥e*?), wherem* is the effective mass of the
(PSL9 in the film!"*® Depending on the geometry of the pair,n* is the density of pairs, anet is the effective charge
film, this regime may be characterized by steps inlth¥  of the pair. We takem*/(n? e*?)~m,/(n.e?), wherem,,
curve associated with the nucleation of PSLs where the locai,, ande are the corresponding free-electron mass, density,
critical current is exceeded. Operation in this regime can b@nd charge. Using the London penetration depth, the BCS
complicated due to the presence of PSL-nucleation featuregxpression for coherence length~0.18v¢/kgT,, the
Apart from these steps, changes in the resistance of the filfiee-electron_model for the normal-electron resistivjty
are caused by the temperature dependence of the critical cut=m g, /(n.e?l), and Eqs(17) and(18), we arrive at
rent and, to a lesser extent, by the weak temperature depen-
dence of the charge-imbalance relaxation leng#ix in the N(0)
superconducting film? In the successful Skocpol—Beasley—  Jc~6.3AkgT¢)*? T (1-1)%2 (19
Tinkham (SBT) modet’ of a Type | superconductor, the N
voltage isV=2Np, Ao« (T)[1—BI(T)], whereN is the This equation may be put in a more suggestive form by
number of PSLsp, is the normal resistance per unit length converting current density to current, resistivity to resistance,
of the superconductor, ang=1./1 is the ratio of the time- and using the free-electron expression for the heat capacity
averaged critical current in the PSLs to the critical current ofof the normal-electron system in the thermometéy,
the film (typically about 0.5. = sz(O)kéTCU/S, whereU is the volume of the supercon-

For the purposes of this calculation, we introduce aductor. Although experimental determinations of heat capac-
model which is similar in form to SBT, but simpler and more ity vary from this expression by factors of 2 due to variations
amenable to computation. The two-fluid transition modelin effective mass, the scaling achieved by using this equation
separates the sensor curré(it) into a supercurrent compo- should be correct. Assuming that the film has a uniform cross
nent which is always some fractiory of the Ginzburg— section, we arrive at
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ksCp High values ofaysx can be achieved with reasonable detec-
le~3.52\ 77~ T(1-1)%, (200 tor parameters. For example, taking soft x-ray detector pa-
" rametersC,=1 pJ/K, G=1nW/K, T,;=0.1K, ¢=1, and
an equation for the GL critical curreht of a BCS supercon- N=4, and assumingz=1 andc,;=0.5, we computaryax
ductor free of microscopic parameters, in terms of the~500.
normal-electron heat capacity, normal electrical resistance From Eg. (1), when voltage biased, the effective time
R,, transition temperature, and reduced temperature. constant of the film isrgp~70/(1+ag/n), where7o=Ci/G
Achieving the theoretical critical current can be difficult. iS the natural time constant of the microcalorimeter &xg
Ambient magnetic fields and nonuniformities of current flowis the total heat capacity of the thermometer and absorber.
in the film can significantly reduce the critical current. With Just below the transition, BCS superconductors have a heat
careful magnetic shielding and the use of a superconducting@pacity approximately 2.43 times the value of the normal

ground plane to make the current flow uniform, however,mf?t.afZO Using Eq.(24), we arrive at an expression for the
approaching the theoretical GL critical current with a BCSmMinimum effective time constant of a TES microcalorimeter

superconducting film has been possifile. in the strong-feedback, critical-current-limited two-fluid
We now estimate the response time using the calculateiansition model:

GL critical current and the two-fluid transition model. In the Co. % n2 1 \13

past, most theory has assumed that the electrical resistance is TM,N~O.46( ré o T 32 oc? (25

a simple function of temperatui®=R(T). In the two-fluid Cn keTe ¢ crei

transition model, the resistan&=V/1 is a function of volt- There are several important observations to make about
age and current, and the current is a function of temperaturgq. (25). First, the minimum time constant, is indepen-
and voltagel =¢|1.(T)+V/(cgrR,). Therefore, at constant dent of the electrical resistance. Second, the minimum re-
voltage bias, the resistance in the two-fluid transition modekponse time due to the critical current is independent of the
reduces to a simple function of temperature, saturation energy. The saturation energy of the microcalo-
rimeter is proportional t&C,yT./«. But the logarithmic sen-
1) sitivity « and the minimum response time of the sensor are
Cile(T)+V/(cgRy)’ both independent of the total heat capacity as long as the
natural time constant is held fixg¢ly increasings asCyy is
increasey and the ratioC,/C, is held fixed(by increasing

R=R(T)=

and the theory previously developed for the detector re

sponse is \_/alid. Not_e_that it is d_ifficult to directly_compare the size of the thermometer by the same ratio as the size of
the theoretical transition shape in EQ1) to experimental absorbey. Since Eq.(25) is derived in the strong-

values since it is difficult to unambiguously determine theeoqhack limit, it should be noted that these observations are
temperature of a voltage-biased sensor in the strongémy valid for apyax>n/ ¢

feedback limit. However, preliminary comparison of detector The two-fluid transition model critical current is consis-

performance in the critical-current limited regime agreeSiant with 1 us microcalorimeter response time for a BCS

qualitatively with the predictions based on this formula. superconductor in the strong-feedback, GL limit. For ex-
The first step in estimating the response time in the tWO'ampIe, choosingro=25 S, Cyoi/Cy=4, T,=0.1K, ¢=1,

fluid transition model is to calculate the logarithmic sensitiv-n=4, ck=1, andc,=0.5, fror‘r(; Eq. (24) CaMAX~1OO and

ity of the film a«=d log R/dlog T at constant voltage. As- from Eq. (25) myn~1 8.

suming that the film temperature is close to the transition

temperature so that the GL critical currenf(T)=1.(1

—T/T.)%? applies, and using Eq21), we calculate VII. SELF HEATING
3 [(crR,— Ro)C|2| gORO 13 Joule heating in gtransnmn-edgen thermomgter can cause
a=5 CR.P , (22 a temperature variation across the film, reducing the sensi-
R™n0

tivity of the thermometer and affecting the response time.

whereR, is the resistance at equilibrium, and the equilibrium The €ffects of self heating are dependent on the thermal con-
Joule PowerP,=V2/R,, is a constant throughout the nar- ductances and geometry of the detector and the form of the
row transition in the strong-feedback limit. The detector isSUPerconducting transition. In the general case the effects of

optimally biased whenx is maximized (and the response se_lf heating must be ana_lyzed numerically. Instead of a de-
time is minimized. Equation(22) is a maximum wherR, tailed analysis of a specific geometry, we present a simple
= cgrR,/2, SO the maximun is calculation to show how self-heating constraints scale and to

demonstrate that self heating does not place a fundamental
3 [2¢212,crR, | M2 limit on the response time.
AMAX = 4 (P—o) . (23 For the purposes of this analysis, we model a trans-

ition-edge sensor as two isothermal elements at different

Further, using?o=GTy¢/n, To~T, in the strong-feedback temperatures connected by a thermal conductance. Near 100
limit, and Eq.(20) for |9, we calculate mK, this thermal conductance is dominated by the
Wiedemann—Franz thermal conductance of the normal
electrons, Gy=L,T/R,,, where the Lorentz numbek,
~24.5 nWQ K2, We make the worst-case assumption that

kaC Cn n 2 13

CYMAXNZ.lS(ng CRC| (24)
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the entire detector bias powé? is dissipated in the first (6) The critical current of the sensor should be maxi-
element, flows to the second element, and then escapesized. A large volume superconducting film should be used,;
through a thermal conductan€ to a heat bath. The tem- the heat capacity of the sensor should be a significant frac-
perature drop across the film is thAdT = P/Gyr. tion of the total microcalorimeter heat capacifgq. (25)].
The characteristic transition widtiA T, associated Careful magnetic shielding and the use of a superconducting
with a logarithmic sensitivityr is of orderAT¢,,~Tc/a. As  ground plane may be necessary.
a rough estimate, self heating will not limit detector perfor- (7) Self heating should be minimized by keeping the
mance when the temperature drop associated with self heatermal resistance of the TES smEq. (26)].
ing is smaller than this characteristic transition width, or  Although the minimum response time is in principle in-
whenP/Ge<T./a. When the heat bath is cooled to well dependent of the saturation energy, achieving response times
below the equilibrium sensor temperature, the equilibriumnear the limits described in this article is considerably easier
powerP~GT,/n, so to avoid self heating we requif®,-  for detectors designed for low-energy photons. Consider for
>Ga/n. SubstitutingGyr=L,T/R,, we calculate example a detector designed for response times @$ for
LT, optical to near-infrared photons of order 1 eV. In such a
( (26)  detector, the TES itself could be used as the absorber. As-
G suming the TES is a BCS superconductor and the response
Thus, if the normal resistance of the TES is low enough, selfime is critical-current limited, if the natural time constant is
heating is negligible. For instance, consider a typical x-rayro=35 us, Cror/Cpresy=2.43(since the heat capacity of a
microcalorimeter withG=1 nW/K, T;=0.1K, n=4, and BCS superconductor is about 2.43 times higher than a nor-
a=100. Then, from Eq(26), self heating should not be mal metal, T.=0.1K, ¢=1, n=4, cg=1, andc,=0.5,
important as long aR,<<0.10}. from Eq. (24) apyax ~125 and from Eq(25) myn~1 us. In
The self heating in a TES is unimportant if its normal order to saturate near 1 eV, the heat capacity should be
resistance is low enough. Since the limits on the respons€;o;>Eayax /T:=0.2 fJ/K. We will takeCo7=0.5 fI/K.
time due to electrical stability, amplifier noise, and critical Then to maintain a natural time constant of @6the thermal
current are independent of the resistafe® long as the in- conductance should 8~ 14 pW/K. In a sensor this small,
ductance scales accordinglyn principle the resistance can diffusion times are fast enough to never be a limiting factor.
always be lowered enough to make self heating negligible. To avoid self heating, the normal resistance of the TES
should be R,<L,Ton/(Ga)~5Q [Eqg. (26)]. We will
choose a normal resistance ofM To avoid electrical insta-
VIIl. CONCLUSIONS bility, the electrical response ti_mle/R must be faster than
170 ns[Eqg. (11)]. Assuming a bias resistance R§=2(1, a
In order to optimize a TES microcalorimeter for a spe-total circuit inductance of less than about 340 nH is required,
cific application, careful detector design is required. In thewhich is easily achieved. Note that if a SQUID with
TES microcalorimeter, the response time limitations we have=500 is used, the above detector-design procedure will au-
discussed couple the optimization for response time and ertomatically satisfy the amplifier noise conditiqg. (15)] as
ergy resolution. Different applications will impose different long as the response time is slower than about 700 ns. The
optimization constraints, including the required absorber arefundamental limit on the energy resolution of such a detector
and quantum efficiency, the available heat bath temperaturgyould bé& about 30 meV FWHM.
the required response time, and the maximum photon energy. A similar procedure can be used to design a detector for
Since the constraints on optimization are different for eactresponse times of 1@s for 6.4 keV FeKa x rays. Then
application, the development of a general optimization prochoosing7o=700us, Ctor/Cpresy~5, Tc=0.1K, ¢=1,
cedure is difficult. Instead, we present here a description ofi=4, cy=1, andc,=0.5, from EQq.(24) apax~270 and

n

R,<

a .

two possible detectors for use at different energies. from Eq. (25 myn~10us. The heat capacity should be
A number of detector design rules are suggested by th€;or>Eayax /T.=2.7 pJ/IK. We will takeCror=4 pJ/K.
above calculations and are listed here. Then to maintain a natural time constant of 7@®the ther-

(1) The diffusion times in the absorber should be mademal conductance should &~ 6 nW/K. In this detector the
much shorter than the response time, or pulse shape variabsorber heat capacity would correspond to a gold film
tions should be corrected in the data analysis. 250 umXx 250 umx5 um. The expected mean-free path in a

(2) Negative electrothermal feedback should be used sbigh quality deposited film this thick would be 2 um,
that the response time can be close to the diffusion time ifeading to a diffusion time in the absorber of order 22 ns,
the thermometer without sacrificing energy resolution. which is short enough as compared tod®that pulse shape

(3) The response time should be sufficiently longer thanvariations will be small. To avoid self heating, the normal
the L/R time constant for stable electrical operatifdbgqs.  resistance of the TES should b&,<L,Tyn/(Ga)

(10) and (11)]. <6.4 m(). We will choose a normal resistance of 4dmTo
(4) Stray inductances should be kept small compared t@void electrical instability, the electrical response tibnéR
the SQUID input inductance. must be faster than 1,4s[Eq. (11)]. Assuming a bias resis-

(5) The SQUID must be quiet. The SQUID input induc- tance ofR;=2 m(, a total circuit inductance of less than
tance must be chosen so that the SQUID noise is smallabout 3.4 nH is required. The amplifier-noise criterion is the
than the TES noisgEq. (14)]. same as in the optical detector above, satisfied as long as
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>700 ns. A normal sheet resistance of frnorresponds to ductance which was too large. A response time of about 200
a TES film thickness of~1 um, and dimensions of about #S has been demonstrated 86 keV x-ray detector, which
300umx300um. A typical mean-free path in a TES of Wwas limited by a slow natural time constant and a film criti-
these dimensions would be of order 150 nm, Correspondingal current which was Signiﬁcantly worse than the theoretical
to a TES diffusion time of about 0 4s, which is fast enough GL value for a BCS superconductdtt should be possible to

for a 10 us detector. The fundamental limit on the energyfabricate detectors with considerably faster response times
resolution of such a detector would %@bout 1.6 ev than has been achieved to date.
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